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We demonstrate a technique of broadband spin torque ferromagnetic resonance (ST-FMR) with
magnetic field modulation for measurements of spin wave properties in magnetic nanostructures.
This technique gives great improvement in sensitivity over the conventional ST-FMR measure-
ments, and application of this technique to nanoscale magnetic tunnel junctions (MTJs) reveals
a rich spectrum of standing spin wave eigenmodes. Comparison of the ST-FMR measurements
with micromagnetic simulations of the spin wave spectrum allows us to explain the character of
low-frequency magnetic excitations in nanoscale MTJs.
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Nanoscale magnetic tunnel junctions are promising
candidates for non-volatile spin torque memory (STT-
RAM) [1–5] and current-controlled microwave oscillators
[6–11]. Optimization of MTJ performance for these ap-
plications requires quantitative evaluation of the spin
torque (ST) vector [12], magnetic damping[13], voltage-
controlled magnetic anisotropy [14–16], and the spectrum
of magnetic excitations of the MTJ [17, 18]. A common
techniques for quantitative measurements of these prop-
erties is ST ferromagnetic resonance (ST-FMR) [19, 20].
There are three main realizations of ST-FMR: (i) time
domain [21], (ii) network analyzer [22], and (iii) rectifi-
cation [19] methods. The first two methods employ non-
zero bias current while the rectification technique allows
studies of MTJ magneto-dynamics at zero bias. In the
rectification ST-FMR, a microwave current Iac cos(2pift)
flowing across the MTJ applies ST to the magnetization
and thereby induces resistance oscillationsRac cos(2pift+
ψ). Mixing of the current and resistance oscillations re-
sults in a direct voltage Vmix =
1
2IacRac cos(ψ) generated
by the sample. Measurements of the ST-FMR spectrum
Vmix(f) give a series of spectral peaks arising from spin
wave resonances of the MTJ [19, 20, 25], which can give
comprehensive information on voltage-driven magneto-
dynamics in the sample. Despite its popularity, the
rectification technique suffers from frequency-dependent
background signals due to non-linearities and impedance
mismatches within the microwave circuit. For example,
measurements of MTJ with collinear free and pinned
layer magnetizations (the STT-RAM geometry) are chal-
lenging with the rectification ST-FMR because magnetic
signals are typically weaker than the backgrounds.
In this Letter we present a simple technique that cir-
cumvents the drawbacks of the conventional ST-FMR
and gives reliable data for an arbitrary magnetic state
of the MTJ, including the collinear configuration. We
solve the problem of the parasitic backgrounds by using
magnetic field modulation. The modulation field of a
few Oersteds is applied to the sample by augmenting a
conventional ST-FMR setup with a copper wire that car-
ries kHz-range sinusoidal current of a few Amperes and
is placed directly above the MTJ sample as shown in
Fig. 1(a). The modulation field from the wire is collinear
with the dc applied magnetic field at the sample loca-
tion. A continuous microwave current is applied to the
sample via a bias tee, and a rectified voltage generated
by the sample is measured by a lock-in amplifier at the
field modulation frequency. For reference, we also make
conventional ST-FMR measurements in which the sinu-
soidal magnetic field modulation is replaced by a square
wave amplitude modulation of the microwave current.
We make ST-FMR measurements of magnetization
dynamics in a 170×90 nm2 elliptical MTJ nanopil-
lar with in-plane magnetizations of the pinned and
free layers. The nanopillar is patterned by ion
milling from a Ta(5)/SAF/MgO(1.024)/FL/Ta(5) mul-
tilayer (thicknesses in nm) with resistance-area prod-
uct of 14 Ω · µm2 deposited by magnetron sputter-
ing in a Singulus TIMARIS system. Here SAF =
PtMn(15)/ Co70Fe30(2.5)/ Ru(0.85)/ Co40Fe40B20(2.4)
is the synthetic antiferromagnet pinned layer and FL =
Co60Fe20B20(1.8) is the free layer. Prior to patterning,
the multilayers are annealed for 2 hours at 300 ◦C in a 1
Tesla in-plane magnetic field that sets the pinned layer
exchange bias direction parallel to the long axis of the
nanopillar. For evaluation of the field-modulated ST-
FMR method, we employ the collinear configuration, in
which an external magnetic field of 30 mT is applied along
the easy axis of the nanopillar. This configuration is
particularly unfavorable for ST-FMR measurements be-
cause (i) ST proportional to the sine of the angle be-
tween the pinned and the free layer magnetizations is
small and (ii) resistance oscillations at the frequency of
the microwave drive are small. Not surprisingly, the ST-
FMR spectrum for this configuration measured with the
amplitude modulation technique (Fig. 1(c)) is dominated
by a frequency-dependent non-magnetic background. In
contrast, field-modulated ST-FMR spectrum shown in
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2FIG. 1: (Color online) (a) Sketch of the field-modulation ST-FMR setup. Comparison of ST-FMR spectra measured by (b)
field and (c) amplitude modulation techniques for external magnetic field of 30 mT applied along the easy axis of a 170×90 nm2
elliptical MTJ nanopillar. Field modulation efficiently removes large frequency-dependent background of non-magnetic origin
and reveals four spin wave eigenmodes of the MTJ.
Fig. 1(b) is nearly background-free and reveals four res-
onances arising from excitation of spin wave eigenmodes
of the MTJ.
We next employ the field-modulated ST-FMR for stud-
ies of MTJ spin wave eigenmodes as a function of external
magnetic field applied in the plane of the sample parallel
to the hard axis of the MTJ nanopillar. Fig. 2(a) gives
a color plot summary of ST-FMR spectra measured for
an 85×50 nm2 elliptical MTJ nanopillar as a function of
hard-axis magnetic field. As the resonance signals are
predominantly antisymmetric (similar to Fig. 1(b)), the
resonance frequencies are found in the vicinity of zero-
crossing of the rectified voltage. Three prominent spin
wave resonances labeled as 1, 2, and 3 are seen in the
entire magnetic field range. The first mode exhibits the
highest intensity, lowest frequency, and a field dispersion
with a frequency minimum, which is characteristic of the
hard-axis quasi-uniform mode. The nature of the higher
frequency spin wave modes is not immediately clear. The
frequency of the second mode monotonically increases
with the field, while the third mode shows a frequency
minimum at a field higher than that of the first mode.
We also observe a resonance labeled 0.5 in Fig. 2(a) for
which frequency and linewidth are exactly half of those of
the first mode. Therefore, the 0.5 resonance is not a real
spin wave mode but an artifact arising from frequency
doubling of the current by nonlinearities of the circuit.
Next, we derive an expression describing the spec-
tral line shape measured by the field-modulated ST-
FMR. The line shape Vmix(f) without field modulation
is a sum of symmetric S(f) and antisymmetric A(f)
Lorentzians [24] Vmix(f) = VsS(f) + VaA(f), where
S(f) = 11+(f−fr)2/σ2r , A(f) =
(f−fr)/σr
1+(f−fr)2/σ2r , fr is the reso-
nance frequency and σr is the linewidth. The amplitudes
of the Lorentzians, Vs and Va, are functions of the ST vec-
tor, magnetic parameters of the system [24], and voltage
controlled magnetic anisotropy [16]. When the modula-
tion field is small compared to the resonance linewidth in
the field domain, the RMS voltage signal V˜mix(f) mea-
sured by the lock-in amplifier is proportional to the first
derivative of the rectified voltage Vmix(f) with respect to
the modulated variable–the external magnetic field B:
V˜mix(f) = Bm
dVmix(f)
dB
= Bm
[
dVs
dB
S(f) +
dVa
dB
A(f) +
1
σr
dσr
dB
(
2 Vs A
2(f) + Va
[
2 A3(f)/S(f)−A(f)]) (1)
+
1
σr
dfr
dB
(
2Vs S(f)A(f) + Va
[
A2(f)− S2(f)])] ,
where Bm is the RMS amplitude of the modulation field,
and the last term proportional to dfr/dB is usually dom-
inant. If Vs and Va are weak functions of magnetic field
then the symmetric part of V˜mix(f) is proportional to
Va and the antisymmetric part is proportional to Vs. For
our samples, the resonances are nearly antisymmetric and
thus Vs  Va, which means that the field-like compo-
nent of ST is much smaller than the in-plane component
3FIG. 2: (Color online) (a) Field-modulated ST-FMR spectra measured for an 85×50 nm2 elliptical MTJ nanopillar as a function
of hard-axis magnetic field. (b) MTJ spin wave spectra versus hard-axis magnetic field derived from micromagnetic simulations.
The color plot shows FFT amplitude of the MTJ out-of-plane magnetic moment excited by a sinc-shaped current pulse.
[12, 24].
To understand the nature of the observed spin wave
excitations, we perform OOMMF [23, 25] micromagnetic
simulations of magnetization dynamics. To fully account
for all magnetic interactions in the MTJ, we employ a
three dimensional model with three ferromagnetic layers:
free, SAF top and SAF bottom. We use material param-
eters obtained from independent measurements and/or
their accepted literature values [26]. In the simulations,
spin wave dynamics is excited by a combined pulse of
ST and Oersted field, both resulting from a sinc-shaped
Jc
sin (2pifct
′)
2pifct′
spatially uniform current pulse [27] with
the amplitude Jc = 9×106 A/cm2, the cut-off frequency
fc = 20 GHz and the time variable t
′ = t − 500 ps. The
spatial profile of the Oersted field is assumed to be that
of a long wire with elliptical cross section. The direction
of the ST vector acting on the free layer is determined
by the magnetization orientation of the SAF top layer.
The spectrum of spin wave eigenmodes is obtained via
the Fast-Fourier-transform (FFT) of the time dependent
out-of-plane component of the MTJ net magnetic mo-
ment. The simulated FFT spectra are shown in Fig. 2(b)
as a function of external magnetic field. Several spin
wave modes are clearly seen in Fig. 2(b), of which three
modes stand out due to their large amplitude. The field
dispersion of these modes is in a good agreement with
the experimental data shown in Fig. 2(a). The first and
third modes have a frequency minimum at approximately
50 mT and 75 mT – values similar to those observed in
the experiment. The absence of the 0.5 resonance in the
simulation confirms that this feature is an artifact.
To identify the character of the observed spin wave
modes, we perform layer- and spatially resolved analy-
sis of the mode amplitude. The frequency dependence
of the FFT precession amplitude at 50 mT field, aver-
aged over all micromagnetic cells of each magnetic layer
is shown in Fig. 3(a). While static magnetic moments of
all three layers are similar to each other, the amplitude
of the free layer precession is significantly higher than
that of the SAF layers. Thus we classify the observed
spin wave excitations as the free layer modes. Analysis
of spatial distribution of the amplitude and phase of the
excitations in the free layer, shown in Fig. 3(b), reveals
the nature of these spin wave modes. The amplitude and
the phase of the first mode are homogeneous across the
entire free layer, which means that this mode is the free
layer quasi-uniform mode. The second mode has maxi-
mum excitation amplitude at the edges of the free layer
with a node along the short axis. The phase of the oscil-
lations undergoes a 180◦ shift across the node indicating
that the second mode is antisymmetric. The spatial pro-
file of the third mode is qualitatively similar to that of
the second mode, but the node is along the long axis of
the ellipse. Deviations of the nodes from the symmetry
axes of the ellipse are due to a stray field from the SAF
layer. Given the imperfections of the real MTJ structure
and uncertainties in the MTJ material parameters, the
energies of the spin wave eigenmodes found in simulations
are in good agreement with the experimental results.
In conclusion, we developed a method of field-
modulated ST-FMR for characterization of magnetiza-
tion dynamics in nanostructures and compared it to
the conventional amplitude-modulated ST-FMR. The
field-modulated ST-FMR technique suppresses large non-
4FIG. 3: (Color online) Micromagnetic simulations of spin wave eigenmodes of 85×50 nm2 MTJ nanopillar at 50 mT hard axis
magnetic field: (a) Precession amplitude of the free layer, SAF top and bottom layers as a function of frequency. (b) Color-coded
spatial maps of precession amplitude and phase of the three dominant spin wave modes in the MTJ free layer.
magnetic background signals and thereby reveals a rich
spectrum of spin wave eigenmodes. Using the field-
modulated ST-FMR, we measured the spectrum of spin
waves in nanoscale elliptical MTJs as a function of hard-
axis magnetic field. Comparison of the ST-FMR data
with micromagnetic simulations shows that the observed
modes are low-energy eigenmodes of the free layer.
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